A novel "long-chain" toxin BmP09 has been purified and characterized from the venom of was 27 nM and the Hill coefficient was 1.8. In outside-out patchs, the 100 nM BmP09 reduced ~70% currents of BK channels without affecting the single-channel conductance. In comparison with the "short-chain" scorpion-peptide toxins such as Charybdotoxin (ChTX), the toxin BmP09 behaves much better in specificity and reversibility, and thus it will be a more efficient tool for studying BK channels. A 3D simulation between a BmP09 toxin and a mSlo channel shows that the Lys41 in BmP09 lies at the center of the interface and plugs into the entrance of the channel pore. The stable binding between the toxin BmP09 and the BK channel is favored by aromaticinteractions around the center.
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SUMMARY
A novel "long-chain" toxin BmP09 has been purified and characterized from the venom of Chinese scorpion Buthus martensi Karsch. The toxin BmP09 is composed of 66 amino acid residues, including eight cysteines, with a M.W. 7721.0 Da. Compared with the BmK AS-1 as a Na + channel blocker (M.W. 7704.8 Da), the BmP09 has an exclusive difference in sequence by an oxidative modification at the C-terminus. The sulfoxide Met66 at the C-terminus brought the peptide a dramatic switch from a Na + channel blocker to a K + channel blocker. Upon probing the targets of the toxin BmP09 on the isolated mouse adrenal medulla chromaffin cells (MACCs),
where a variety of ion channels coexists, we found that the toxin BmP09 specifically blocked large conductance Ca 2+ -and voltage-dependent K + channels (BK), but not Na + channels at a range of 100 nM concentration. This was further confirmed by blocking directly the BK channels encoded with mSlo1 -subunits in Xenopus oocytes. The half-maximum concentration EC 50 of BmP09 was 27 nM and the Hill coefficient was 1.8. In outside-out patchs, the 100 nM BmP09 reduced ~70% currents of BK channels without affecting the single-channel conductance. In comparison with the "short-chain" scorpion-peptide toxins such as Charybdotoxin (ChTX), the toxin BmP09 behaves much better in specificity and reversibility, and thus it will be a more efficient tool for studying BK channels. A 3D simulation between a BmP09 toxin and a mSlo channel shows that the Lys41 in BmP09 lies at the center of the interface and plugs into the entrance of the channel pore. The stable binding between the toxin BmP09 and the BK channel is favored by aromaticinteractions around the center. 
INTRODUCTION
Large conductance Ca 2+ -and voltage-dependent potassium (MaxiK, BK) channels are thought to play a primary role in a link between the membrane potential and the cellular calcium homeostasis. BK channels are very abundant in many tissues from pancreas to smooth muscle to brain (1) . Natural toxins are among the most potent and important tools for studying the functions and structure of ion channels. Various species such as sea anemone, snakes, cone snails, spiders and scorpions, possess of ion-channel toxins in their venoms (2) . -BtX coming from the venom of a worm-hunting cone snail enhances the currents of BK (3) . Another toxin from medicine herb DSH-I also increases the BK currents when subunit coexists with its subunit (4) . Scorpion venoms are rich source of fascinating neurotoxins, which bond with high affinity and specificity to various ion channels and thus widely serve as useful tools in probing the protein mapping of ion channels and clarifying the molecular mechanism involved in the signal transmission and channel gating. Some of peptidyl scorpion toxins such as Charybdotoxin (ChTX), Iberiotoxin (IbTx) and Slotoxin (SloTx) also block the BK currents encoded by both the Slo1 subunits and the subunits but with a higher EC 50 (5, 6) . Those toxins, in common, are very poor reversibility, which
give us a really hard time to study functions of BK currents, especially in current-clamp experiments, even though this property is often used to identify the existence of subunits (7) (8) (9) .
Recently, Xu et al. (10) finds another scorpion toxin BmBKTx1 which blocks pSlo (82 nM) and dSlo (194 nM), but not for hSlo. According to its specific characteristics, BmBKTx1 can be used to identify different subunits involving in BK channels. So far more than 120 peptide modulators of ion channels have been isolated from scorpion venoms. Most of the scorpion toxins blocking K + channels (KTx) are short peptides (22-43 amino acids residues) with a well-conserved three-dimensional structure stabilized by three or four disulfide bridges (11) .
The Chinese scorpion Buthus martensi Karsch (BmK) has been used as traditional medicine in China for more than one thousand years, especially for treatments in neural diseases, such as apoplexy, hemiplegia, and facial paralysis (12) . Indeed, over the past decade, more than 70 different peptides, toxins or homologues have been isolated. Among them, 14 short-chain peptides are associated with the K + channel toxin family, 51 long-chain peptides are related to the Na + channel toxin family and only one long-chain peptide is identified as a blocker of
In our previous paper, a systematical isolation has been achieved and 11 short-chain peptides have been characterized from the venom of Chinese scorpion BmK (13) and solution structures of some short-chain scorpion toxins (less than 40 amino-acid residues long) have been described (14) (15) (16) . In the present work, we report purification, characterization and sequence determination of a novel BK potassium channel blocker BmP09, which is composed of a long-chain (66 amino-acid residues long) with four disulfide bridges. Assaying the effects of BmP09 on voltage-gated channels in MACCs and on BK channels (mSlo) expressed in Xenopus oocytes, we found that BmP09 was a better specific blocker of BK channels encoded by mSlo subunits with perfect reversibility, in other words, it only took less than 5 seconds for a full recovery. Compared with the Charybdotoxin (ChTX), the superior selectivity and reversibility makes BmP09 a better tool for structural and functional studies on BK channels. 
EXPERIMENTAL PROCEDURES
Purification and chemical characterization of toxin BmP09
Crude venom was collected by electrical stimulation of the telson of scorpion BmK bred in captivity in Henan Province, China. The peptide was purified as described previously (13):
lyophilized crude venom was dissolved in NH 4 HCO 3 buffer (50 mM, pH 8.5) and centrifuged at 4000 g for 15 min. The supernatant was loaded onto a Sephadex G-50 column (2.5 150 cm, Pharmacia Fine Chemicals), which was equilibrated and eluted with the same buffer (Fig. 1A) .
The fraction III from the Sephadex G-50 column was loaded onto a Mono S cation exchange column (HR 5/5, Pharmacia LKB Biotech., Inc.), eluted with a step gradient of solution A to solution B at pH 5.0 (Fig. 1B) . Solution A contained NaAc (20 mM), and solution B contained NaAc (20 mM) and NaCl (1 M). It was followed by similar separation on another Sephadex G-50 column (Fig. 1C) . The final purification of BmP09 (G3512) was performed by using a reverse-phase HPLC column (C 18 column, 4.6 250 mm, 5 mm bead size, Alltech) eluted with a linear gradient from solution C to 50% solution D in solution C at a flow of 1 ml/min. Solution C contained CH 3 CN (10%) and trifluoroacetic acid (0.1%) in H 2 O, and solution D contained H 2 O (20%) and trifluoroacetic acid (0.1%) in CH 3 CN (Fig. 1D ).
The molecular weight of BmP09 was measured using a LCMS-2010A ESI-MS instrument (Shimadazu, Japan). Amino acid analysis was performed on a Beckman 6300 apparatus (Beckman, USA) after hydrolysis of the sample in HCl (6 M) under vacuum at 110 C for 18 h. The N-terminal sequence of BmP09 was achieved by Edman degradation using a Beckman LF3200
Protein-Peptide sequencer. 
Electrophysiology and Solutions
Chromaffin cell preparation
Based on several early studies, mouse adrenal chromaffin cells (MACCs) were isolated and maintained as described previously (17, 18 
Mutagenesis
Point mutations of mslo, F266L and F266A, were produced by using QuikChange protocol (Stratagene). In brief, PCR reactions were performed by using the wild-type mslo as a template 
Expression in Xenopus Oocytes
Methods of expression in Stage V-VI Xenopus oocytes were described as previously described (7 To record Na + currents, the "high TEA" solution was used as bath solution, and pipettes were backfilled with "high Cs 
Data analysis
Data were analyzed with IGOR (Wavemetrics, Lake Oswego, OR, USA), Clampfit (Axon Instruments, Inc. USA), SigmaPlot (SPSS Inc. USA), and QUB (SUNY, Buffalo, NY) softwares.
Unless stated otherwise, the data are presented as means S.E.M., significance was tested by Student's T test, and differences in the mean values were considered significant at probability < 0.05. The model of BK channel (20) was generated by homology modeling on the basis of the crystal structure of the bacterial KcsA channel (PDB code 1BL8) (21), using the software SYBYL6.3 (Tripos Associates, 1996). The sequence alignment between KcsA and BK channel was obtained using the same criteria as those described by Gao and Garcia (22) . The homology model of BK channel was further subjected to Powell minimization (2000 steps) using Kollman force field.
The models of toxin BmP09 and BmK AS-1 (23) were generated by homology modeling on the basis of the crystal structure of the toxin Neurotoxin 2 (PDB code 1JZB) (24) . The sequence alignment between them was described as Fig. 3 . The homology models of toxin BmP09 and
BmK AS-1 were further subjected to energy minimization and dynamic simulation.
The surface electrostatic distribution analysis indicated that BmP09 preferred association with the entryway of K + channel using the positively charged patch with the side chain of Lys41 in the center. The program "O" (version 8.0.6) (25) was used for the docking experiment. BmP09 was docked manually into the outer of entryway of the BK channel model along with the dipole direction. As expected, the mouth of the K + channel bears a large negative charge, whereas the surface of the toxin BmP09 has a positive charge. The electrostatic potential between the toxin BmP09 and the K + channel attracted the positively charged toxin to the entryway of the channel.
In order to obtain favorable toxin-channel clusters, the toxin molecule was allowed to rotate during the docking process. The most stable cluster with the best fitting between the toxin and the K + channel was used to analyze the contacts between the BmP09 and the BK channel.
The BmP09/BK channel cluster docked most favorably was further subjected to energy minimization for 2000 steps to achieve the gradient tolerance 0.05 kcal/(mol Å) using the Powell algorithm and the Kollman force field in the software SYBYL6.3. Molecular dynamics simulation using the Powell algorithm was then carried out for the complex for 100 fs at 300 K. Kollman force field constraints were applied on the backbones of the channel in the region comprising residues His254 to Val278, while the remaining part of the channel was kept fixed during the simulation. The structure of the peptide was completely unconstrained. A cutoff distance of 8 Å was used for non-bounded interactions. An integration time-step of 0.1 fs was used and coordinate sets of the trajectory were saved every 2 fs. Every structure obtained from the coordinate sets over the 100 fs of simulation was performed with 500 steps of minimization. Finally, the average structure was energy minimized with 1000 steps of Powell minimization. 
RESULTS
Purification of BmP09
The crude venom was initially separated into four fractions (I-IV) by gel-filtration chromatography on a Sephadex G-50 column (Fig. 1A) . Separation of the fraction III on a Mono S cation exchange column gave 5 fractions (Fig. 1B) . Among the 5 fractions, the fraction 5 was further separated on another Sephadex G-50 column, and two sub-fractions 351 and 353 were obtained (Fig. 1C) . A pure peptide was obtained after the separation of fraction 351 on a reverse-phase HPLC column (Fig. 1D ).
Primary sequence of BmP09
The molecular weight of BmP09 was 7721 Da, as determined by ESI MS (Fig. 1E) . The results of amino acid analysis (Table 1) , N-terminal 14 residues sequence analysis (DNGYL LNKYT GCKI) and peptide-mapping studies ( BmP09 is the same to that of BmK AS-1, and only differs at the C-terminus by an oxidative modification (see Figure 3 ). (27) (28) (29) (30) (31) . To study whether the BmP09 affects voltage-gated ion channels, we started to screen for its effects on the MACCs. As shown in Fig. 4A , whole cell currents were elicited by 60 ms voltage ramps from -90 mV to +100 mV within the normal extracellular solution in the presence of and in the absence of 100 nM BmP09. With the augment of membrane potential by the voltage ramp, inward currents of Na + and Ca 2+ channels first emerged at ~0 mV and then outward currents of voltage-gated K + channels including both the K V and the K Ca channels started to step up gradually (28, 31) . In Fig. 4A , a trace in dark line shows a 67% reduction of outward maximum currents, by the application of 100 nM BmP09, with a slightly increase on inward currents. The reduction of outward currents may result in the slightly increase of inward currents. In addition, after removal of BmP09, the current trace indicated in Fig. 4A is almost back to the control level, which hints that the blocking behavior of BmP09 is reversible.
Effects of BmP09 on Voltage-gated Channels in Chromaffin Cells
Voltage-gated sodium channels play a critical role in repeatedly firing of action potentials and propagation in excitable cells (2) . Most of long chain peptides have been proved to be the blockers of Na + channels such as BmK AS-1 (32). However, the traces in Fig. 4B , activated by voltage steps to 0 mV after a prepulse to -90 mV to remove inactivation, are overlaid to emphasize that there is no inhibition on Na + channels before, during and after the application of the toxin 100 nM BmP09. In contrast, BmK AS-1 has inhibitive effect on Na + channel in chromaffin cells (32) , but no effect on the K + currents (n = 5, data not shown). In chromaffin cells, there exist most types of calcium channels, of which L-type calcium channel is clustered with BK channels (33 Fig. 5A and 5B, all traces were activated by 100 ms depolarization to +80 mV from holding potential of -70 mV, which was designed to avoid the calcium influx induced by the opening of calcium channels at ~0 mV. In Fig.   5A , 100 nM BmP09 obviously blocked the "K V " currents within the normal bath solution, i.e. 1.8
mM Ca 2+ in the normal saline. But, applied with Ca 2+ -free normal saline at the above patch, we found that 100 nM BmP09 had no effect on the remaining currents as shown in Fig. 5B . Now we Fig. 5A and 5B was applied extracellularly for subtracting leak currents.
Small-conductance Ca-activated K + channels (SK channels) play an important role in modulating excitability in MACCs. SK channels are voltage-independent and activated by submicromolar concentration of intracellular calcium (35) . Based on the results shown in Fig. 4 and Fig. 5A and 5B, we knew that currents inhibited by BmP09 were K Ca channels. Now we need to identify which channel of K Ca , i.e. SK or BK, blocked by the BmP09. In Fig. 5C , SK currents were activated by a test pulse to -100 mV after the 100 ms prepulse to 0 mV to upload calcium ions into cytosolic membrane. In each patch, 200 nM apamin was used to identify the toxin-sensitive components. It is clearly that the BmP09 has little effect on the SK currents based on traces showed in the inset of the Fig. 5C . To investigate the detailed blocking effects on BK currents by the BmP09, we adopted Xenopus ooctytes as an expression system instead of MACCs.
In Fig. 6A , currents from an outside-out macropatch with 10 M Ca 2+ in the pipette were elicited by a voltage protocol indicated at the top panel. In each patch, 20 mM TEA was applied extracellularly to obtain remaining leak currents. Subtracting leak currents, we found that 100 nM BmP09 blocked ~80% (Fig. 6A) . On an average, BK currents were reduced by 76.1% 8.5%, with applying 100 nM BmP09 (Fig. 6B) . The EC 50 of BmP09 on BK Ca channels was assessed to be 27 nM with a Hill coefficient n = 1.8, according to the dose-response curve fitting (Fig. 6C ).
BmP09 also blocked the inactivating currents of mslo1/ 2 coexpressed in Xenopus oocytes with an over 100 nM EC 50 (data not shown). In comparison with the scorpion toxin ChTX, an antagonist of BK channels, the time course of BmP09 blocking BK channels was undergoing in Fig. 7 . For BmP09 (Fig. 7A) , both the onset and offset of blockings are very rapid with a complete recovery. The blocking behavior of BmP09 on BK channels is similar to the TEA blocking K + channels. Correspondingly, the time course of 100 nM ChTX (Fig. 7B) shows a much slower onset and offset on BK currents with only 80% recovery.
Single channel recordings (Fig. 8) , in an outside-out patch with 10 M Ca 2+ in the pipette, derived from BK channels encoding with mSlo1 subunit expressed in Xenopus oocytes.
Currents were activated every 3 s by depolorizations to 40 mV from a holding potential -140 mV for 500 ms. to almost 30% over the control during applications of 100 nM BmP09. These values were consistent to those of macroscopic BK currents.
Molecular modeling of BmP09
As shown in Fig. 9A , the structure of BmP09 model has the common characteristic of -type toxin. It contains one -helix (residues 22-29), and a three-strand anti-parallel -sheet (residues 2-4, 34-37, and 44-47). The -helix is connected to the middle strand of the -sheet by a pair of disulfide bonds involving Cys23-Cys44 and Cys27-Cys46. The longer outer strand of the -sheet The structure of BmP09/BK channel cluster with the favorable electrostatic energy was further refined and the optimized structure of BmP09/BK channel complex is shown in Fig. 9E .
The principal interactions between the toxin BmP09 and the BK channel derived from the refined complex structure were analyzed using the LIGPLOT program (38) , and the results are summarized in Table 2 . Four hydrogen bonds and three hydrophobic contacts existed in the refined complex. Therefore, the interface between the BmP09 and the BK channel is large and involves about seven residues of BmP09 and twelve residues of the BK channel, respectively. 
DISCUSSION
In the present study, we described the structure and function of the novel scorpion toxin BmP09. We found that: (1) the amino acid sequence of BmP09 was identical to the BmK AS-1 except a sulfoxide Met66 residue at the last C-terminus in BmP09; (2) In contrast to BmK AS-1, 100 nM BmP09 selectively blocked BK channels with no effect on Na + channels based on the results from Chromaffin cells; (3) BmP09 reduced the open probability of the reconstituted BK channels encoded with mslo1 but not altering the single-channel conductance; (4) A mechanism of BmP09 blocking mSlo1 channels was proposed by simulating the ligand/channel binding based on molecular structures of BmP09 and mSlo1.
The features of BmP09 in blocking BK channels
In this study, we have described the purification, characterization, and electrophysiological behavior of BmP09. The sequence of BmP09 is almost identical to that of the known toxin BmK AS-1 with an only difference at the C-terminus by an oxidative modification (23, 39) . The Met66 with a sulfoxide group makes BmP09 a dramatic different function compared with BmK AS-1.
BmK AS-1 blocks the Na + channel with no effect on K + channels, while BmP09 shows completely opposite results. Upon probing the targets of BmP09 toxin on chromaffin cells, we found that 100 Furthermore, the toxin BmP09 exhibited perfect reversibility in blocking BK channels compared with the Charybdotoxin (ChTX). As shown in Fig. 7A , both the onset and offset during BmP09 blocking BK channels were very rapid (less than 5 s) and the recovery was complete. In comparison with ChTX, the offset course of 100 nM ChTX was extremely slow (more than 100 s) and incomplete, as shown Fig. 7B . The BmP09 blocking BK currents is very similar to the TEA blocking K + channels.
On the other hand, BK channels can be formed by -subunit alone or by -subunit bound with up to four subunits. Co-expression with and subunits, of which the latter, composed of two transmembrane domains with a long extracellular loop, modifies the kinetic behaviors of BK currents encoded with subunit alone, such as Ca 2+ sensitivity and pharmacological properties and so on. Typically, it will reduce the sensitivity to scorpion toxins (6) . Actually, the N-linked glycosylation of subunits excluding 1 plays a role in increasing the EC 50 of toxins on Slo1 alone to more than twenty fold (41, 42) . As compared with ChTX or IbTx, the toxin BmP09 did not show any notable difference on blocking the inactivated currents co-expressed with the mSlo1 and 2 subunits.
The difference in the solution conformations of BmP09 and BmK AS-1
As demonstrated in previous section, the scorpion peptides BmP09 and BmK AS-1 possessing high homology in their primary sequences showed remarkable differences in their specificities towards Na + and K + channels. These distinctions may be related to their 3D structures.
To differentiate the structural features of these two toxins, we generated their 3D-structural models by homology modeling. As shown in Figure 9 AS-1, the C-terminal residue Met66 extends to the hydrophobic center of the molecule as a result of its hydrophobicity to form a sulfer-interaction (43) , and its carboxylic group forms a salt bridge with the side chain of the basic residue Lys41. In BmP09, the C-terminal residue Met66 with a sulfoxide side chain turns back due to its less hydrophobicity, of which the side chain forms a hydrogen bond with the basic side chain of Lys13 residue. Therefore, the properties of the residue Lys41 in these two peptides are obviously conflict. In BmK AS-1, the residue Lys41 is less basic for the salt bridge and is partly buried in the hydrophobic center, while the basic side chain of Lys41 residue in BmP09 is free and is exposed to the surface of the molecule. These differentiations should be responsible for their distinct behaviors on Na + and K + channels.
The possible interaction mode of BmP09 with BK channel
The mechanism underlying the blockade of voltage-gated K + channels by -KTx toxins have been intensively explored by the modeling analysis of toxin/K + channel complex generated by docking and dynamic simulation in the recent decade (11, (44) (45) (46) . In order to elucidate the possible interaction mode, the 3D structural model of BmP09/BK channel complex was generated by docking and dynamic simulation (Fig. 9E) . In Figure 9E , the positively charged side chain of Lys41 lies in the center of the peptide/channel interface to form hydrogen bonds with the four backbone carbonyl groups of Tyr290. In addition, Asn2, Tyr36, Tyr57 and Lys65 form hydrogen bonds with the residues Asn269 (IV), Asn268 (IV), Lys296 (I) and Gln270 (I) of the BK channel, respectively. Meanwhile, three aromatic interactions were identified: Phe39 of BmP09 forms favorable aromatic contacts with Phe266 (III) of the BK channel, while Tyr34 and Tyr57 of BmP09 form aromatic contacts with Phe266 (IV) and Phe266 (I), respectively. Therefore, the interaction mode of BmP09 features that the Lys41 is in the center as a pore blocker, which is ( Fig. 10A) , however, the percentage of blockade for F266A and F266L was reduced to less than 20% (Fig. 10B) .
Comparison of the interaction mode between CTX/BK channel and BmP09/BK channel complex
The interaction mode of CTX peptide with BK channel has been investigated in details by analysis of the complex model derived from the docking and dynamic simulation (22) . To rationalize the difference in the reversibility in blocking BK channels between CTX toxin and BmP09, a comparison of the interaction modes of CTX/BK and BmP09/BK channel complexes has been made, and the results were summarized in Table 3 . For the model of CTX/BK complex, the central residue K27 is positioned at the center and its positively charged side-chain hydrogen bonds with four backbone carbonyl oxygen atoms of Y290 in the selectivity filter. Besides, two salt bridges, two hydrogen bonds as well as three aromatic contacts make favorable contribution to the binding. For BmP09/BK channel complex, besides basic residue K41, which lies in the center of the peptide/channel interface to form hydrogen bonds with the four backbone carbonyl groups of Y290, four hydrogen bonds and three aromatic contacts constitute the primary interactions.
However, the distribution of these hydrogen bonds and aromatic interactions around the central residue in these two complexes is quite different. In CTX/BK channel complex most hydrogen Table 3 ). Since CTX is a globular structure with a spherical surface, those inner hydrogen bonds and aromatic interactions close to the central residue should be buried deeply, only Asn30 lies at the outer edge of the interface. In contrary, in BmP09/BK channel complex most hydrogen bonds and aromatic interactions are apart from the central residue (larger than 9 Å) and locate at the outer edge of the interface of the complex as shown in Figure 9F . These facts could well account for the difference in the reversibility in blocking BK channels between CTX toxin and BmP09.
For CTX/BK channel complex, both association and dissociation rates should be slower due to a number of inner and buried hydrogen bonds, salt bridges and aromatic interactions. In comparison, those of BmP09/BK channel complex must be quicker because its hydrogen bonds and aromatic interactions locate at the outer edge of the interface and are exposed to the solvents.
On the other hands, the time scale of association and dissociation can be further evaluated on the basis of the K d data. The time scale of a toxin-receptor reaction is set by a formula BmP09 for binding to BK channels is ten-fold fast than the one of CTX (Fig. 7) . Considering the all the patches and currents in the patch were all in the same level for 0 nM, 100 nM and 0 nM BmP09 solutions (n = 15), which suggested that BmP09 had no effect on SK currents. 
